0 1998 Oxford University Press

Nucleic Acids Research, 1998, Vol. 26, No. P313-2321

ori GNAI3: a narrow zone of preferential replication
initiation in mammalian cells identified by 2D gel and
competitive PCR replicon mapping techniques

Franck Toledo* , Bruno Baron , Maria-Aparecida Fernandez , Anne-Marie Lachages |,

Véronique M ayau, Gérard Buttin and Michelle Debat

isse

Unité de Génétique Somatique (URA CNRS 1960), Institut Pasteur, 25 rue du Dr Roux, 75724 Paris Cedex 15, France

Received February 16, 1998; Revised and Accepted March 28, 1998

ABSTRACT

The nature of mammalian origins of DNA replication
remains controversial and this is primarily because
two-dimensional gel replicon mapping techniques
have identified broad zones of replication initiation
whereas several other techniques, such as quantitative
PCR, have disclosed more discrete sites of initiation at
the same chromosomal loci. In this report we analyze
the replication of an amplified genomic region
encompassing the 3 '-end of the GNAI3 gene, the entire
GNAT2 gene and the intergenic region between them in
exponentially growing Chinese hamster fibroblasts.

These cells express GNAI3 but not GNAT2. The
replication pattern was first analyzed by two-
dimensional neutral-alkaline gel electrophoresis.

Surprisingly, the results revealed a small preferential
zone of replication initiation, of at most 1.7 kb, located
inalimited partofthe GNAI3—-GNATZ intergenic region.
Mapping of this initiation zone was then confirmed by
guantitative PCR. The agreement between the two
techniques exploited here strengthens the hypothesis
that preferred sites of replication initiation do exist in
mammalian genomes.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. Y08232

that rely on characterization of the earliest labeled fragments
when synchronized cells enter S phase (5), determination of
leading strand polariti€$,7), measw@wment of the distribution of
Okazaki fragments between the two template strands of a
replication fork(8) and determirteon of the length or numbers of
nascent strands along a genomic dort@®). All these mihods

led to the characterization of specific sites of replication initiation
(for areview see 10). The other group of methods, first developed
to analyze yeast DNA replication (11,12), relies on specifidlityob
patterns of replication intermediates during two-dimensional (2D)
gel electrophoresis. Surprisingly, when 2D gels have been applied
to analyze mammalian DNA replication, broad zones of replication
initiation were found13,14).

Indeed, when 2D techniques were applied to analysis of the
Chinese hamster dihydrofolate reductase gé&ndFR) origin
region, replication was found to initiate anywhere within 30-60 kb
(13,15), whereas several otheteicues suggested the existence
of two discrete sites of initiatio(b,6,16), one of which was
circumscribed to only 450 bp (8). Likewise, 2D gel analysis of
initiation at the human rDNA locus identified a 30 kb long broad
zone of replication initiatior{14), but more restricted sites of
initiation were found with several other techniq(ie6-19). The
reasons for such contradictions are poorly understood: one
tentative explanation for this is that 2D gels detect all initiation
events, even those occuring in regions firing very rarely, whereas
techniques such as quantitative P(3R or Olazaki fragment
polarity (8) detect only the ggon(s) where most initiation events
occur, because they measure signal-to-noise ratios. This hypothesis
implies that mammalian DNA replication origins consist of large
intiation zones that may contain one or a few preferred sites of

The replicon model (1), which postulates binding of a positivemitiation (10,14,20,21), but it does nokmain why orp, the

acting factor (the initiator) to a specific DNA sequence (thereferred site of replication initiation identified in the Chinese

replicator) to trigger initiation of DNA replication at a nearby sitehamstelDHFR locus by many techniques, does not appear to be

(the origin of replication), has been verified in prokaryotes and preferred site by 2D gel analyses (21,22). Therefore, the

eukaryotic DNA viruses and also seems likely to apply to yeastsxistence of preferred sites of replication initiation in mammalian

To what extent this model is valid for initation of DNA replication genomes remains a matter of controversy.

in mammalian chromosomes remains controversial. Here we describe the replication pattern of the region
A large variety of techniques have been developed to studyrrounding the Chinese hamster adenylate deaminase 2 gene

chromosomal replication initiation in mammalian cells (for a(AMPD2). This region was chosen because its amplification can

review see 2; 3,4). A first group of tedques includes methods be selected for (23). In prieus work this property allowed us to
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show that mechanisms relying on chromosomal rearrangemegentrifugation at 3000 r.p.m. for 5 min. The pellet containing the
and unequal segregation at mitosis, rather than abnormahtrix and bound DNA was incubated for 15 min &t@with
replication initiation, account for mammalian DNA amplification: 2 mg/ml proteinase K in PK buffer (10 mM Tris—HCI, pH 8.0, 1 mM
cells most frequently acquire multiple copies ofAdPD2gene  EDTA, 0.3 M NacCl). NaCl concentration was similarly raised to
through cycles of chromatid breakage—fusion-brid@ds-26). 0.3 M in the loop fraction. Replication intermediates from both
Gene amplification was here expected to facilitate the use of a Zfactions were independently purified by benzoyl-naphtoyl-DEAE
gel replicon mapping technique. Indeed, application of sucfBND)—cellulose columns as described by Dijketél (32).
techniques to the study of DNA replication in mammalian cells The protocol used for 2D NA gel electrophoresis was modified
has been hampered by the high complexity of mammaliginom Nawotka and Hubermgf2). Restrition fragments were
genomes. However, 2D gels have proved adequate to analyzeskearated in the first dimension on a 0.4% agarose gel runin a cold
replication of repeated loci, such as BidFR locus in CHOC room for 40 h at 0.5 V/cm in TBE (89 mM Tris—HCI, pH 8.0, 89
400 cells (13) and the human rRNA genes (14), in asgnobs  mM boric acid, 2 mM EDTA). The lanes containing the matrix
cell populations. Amplificatiorper sedoes not alter the DNA and loop fractions were cut out and each was placed at the top of
replication pattern of alocus, since initéFR system amplified a second gel tray and a 0.6% agarose geb@®) Mas cast around

and unamplified cells use the same replication initiation zon& This gel was soaked in alkaline electrophoresis buffer (50 mM
(13,27) or the same preferrediation site(5,8,16). Accordingly, NaOH, 2.5 mM EDTA) for 1 h and the second dimension
we chose to analyze théMPD2region in the 42 cell line, which electrophoresis was run at 1.2—1.5 VV/cm overnight in a cold room
has some 30 extra copies of this lo@8&) located, like the normal with buffer circulation. The sizes of fragments and nascent
copies in unamplified cells, on the long arm of chromosof28)L  strands were determined using DNA molecular weight marker X
The AMPD?2 region is a polygenic region that contains four(Boehringer Mannheim) run in lanes adjacent to the experimental
unrelated genes within <100 KRO). These genes (listed in their samples in both dimensions. For restriction fragments the
respective order) encode: the3 and at2 subunits of GTP observed sizes were further verified with the nucleotide sequence
binding proteins (GNAI3 and GNAT?2), the AMPD2 enzyme anddata. After electrophoresis DNA was blotted, cross-linked to
a glutathione S-transferase of fhdamily (GSTM).GNAI3is  nylon membranes (Nytran 13 N; Schleicher and Schuell) by UV
ubiquitously expressedsNAT2is a retinal cell-specific gene, irradiation and hybridized wittof32P]dCTP- andd-32P]dGTP-
AMPD2is expressed in all tissues but muscle and the expressilaeled probes (devoid of repetitive sequences). Membranes were
patterns of the different members of tBETMfamily have not washed in & SSC, 0.1% SDS at room temperature, thes 0.2
yet been precisely determined. In this report we have analyzed tB8C, 0.1% SDS at 3T and exposed on storage phosphor
replication pattern of a 30 kb long sequence that contains tkereens (Molecular Dynamics). After 10 days exposure screens
3'-end of theGNAI3 gene, theaGNAT2gene and the intergenic were scanned by a Phosphorimager (Molecular Dynamics). Most
region between them by the 2D neutral-alkaline (2D NA) geleplication intermediates were reproducibly recovered in matrix
electrophoresis techniquél2). Remarkably, this technique DNA preparations. All the photographs presented were obtained
identified a narrow zone of preferential replication initiation in awith ImageQuant (Molecular Dynamics) and Photoshop (Adobe)
limited part of the GNAI3-GNAT2 intergenic region. We software.

confirmed the existence and position of this initiation zone by
competitive quantitative polymerase chain reaction (PCR) (3
Thus 2D gel and competitive PCR analyses show concordant resl
arguing in favor of the existence, at least for some loci, of preferr
sites of initiation of DNA replication in mammalian cells.

mpetitive PCR analysis

i a first series of experiments, DNA extraction and size
fractionation by sedimentation through neutral sucrose gradients
was adapted from Dijkwelt al, Biamontiet al and Yooret al
MATERIALS AND METHODS (4,32,33). Cells, grown inight 23 cn? dishes as for 2D
experiments, were labeled for 4 min wittrd® BrdUrd. This

and all subsequent steps were done in the dark. The labeling
The 42 cell line is a coformycin-resistant mutant isolated after tw@edium was removed from the dishes, cells were washed,
steps of selection from the GMA32 Chinese hamster lungcraped and nuclei were recovered as described by Dgkakl
fibroblast cell line. Cells of line 42 were grown in Eagle’s mediun{32). Each pellet was resuspended in 1 ml 10 mM Tris, pH 8.0,
supplemented with adenine, azaserine, uridine anadygl 50 mM EDTA, then DNA preparations were denatured by

coformycin (31). Each cell of this lin@wotainsTB0 copies of the addition of 1 ml 1 M NaCl, 0.5 M NaOH, 50 mM EDTA, 0.4%
AMPD2 region(28). Sarkosyl, followed by incubation at 46 for 30 min. The

resulting 2 ml were poured on top of a 35 ml neutral sucrose
gradient (linear, 5-30% sucrose in 10 mM Tris, pH 7.4, 5 mM
EDTA, 250 mM NaCl). DNA strands were separated according
Typical experiments started from eight 232cdishes, each to size by centrifugation in a Beckman SW28 rotor (19 000 r.p.m.
containing 2-3x 10’ exponentially growing cells of line 42. for 16 h at 22C) and fractions (1 ml) were collected from the
Nuclear halos (prepared as described by Dijletell, method gradient. The 10-12 fractions corresponding to the upper portion
E; 32) were ollected by centrifugation at 2500 r.p.m. for 5 minof the gradient were neutralized by addition of 0@ M Tris,

at 4°C. Pellets were washed with appropriate cold restrictiopH 8 (the other fractions were neutral after centrifugation).
buffer and digested with 10 000 U restriction enzyme in 20 mAliquots (20 ul) of each fraction were loaded on an alkaline
restriction buffer at 37C for 90 min. Two milligrams of RNase agarose gel and the size distribution of DNA strands was
A were added and incubation was continued for another 30 mifetermined by hybridization with labeled Chinese hamster total
at 37C. The loop and the matrix fractions were separated byenomic DNA. Fractions containing 1-2 kb DNA strands were

Cell line and culture conditions

2D NA gel electrophoresis analysis



Nucleic Acids Research, 1998, Vol. 26, No. 12315

pooled and further purified on anti-BrdUrd immunoaffinity Replication Intermediates
chromatography columns as previously described by Coetrabs wnreplicating

(34). Eluates frommmunoaffinity chromatography were then N U
quantified by competitive PCR as described in detail by Divietco H
al. (35). In a second series of experiments we applied the simplified 1( jr L J
procedure of Kumaet al (36), onitting the labeling of cells with I

BrdUrd. Molecules (0.6-1.6 kb in length) were selected from
sucrose gradients and quantified by competitve PCR. In the
experiment that compares exponentially growing cells and confluent

cells, cells were seeded in ten 2F aishes (5.5 1 cells/dish).

Growth rates and thymidine (dT) incorporation were determined,.,
after 48, 72 and 96 h: cells from one dish were labeled for 15 migjcplicating
with [3H]T (1 pCi/ml) and T (2x 106 M), trypsinized, counted and

aliquots of 2< 1P cells were used to determie[T incorporation.

The cells of each aliquot were treated for 15 min acsd 0.4 M

NaOH, spun briefly at 10 000 r.p.m. in an Epgerf centrifuge, the

DNA precipitated with trichloroacetic acid and the incorporated
radioactivity determined. After 48 h cells were exponentially Figure 1.Principle of the 2D NA gel electrophoresis. In the first dimension (1)
growing (1.6x 107 cells/dish); after 72 h (5.8 107 cells/dish) a size-based separation of the fragments is achieved by standard neutral gel

they still incorporated about half as muaH][I' as after 48 h: after electrophoresis, leading to retardation of fork-containing molecules according
! to their extent of replication. Electrophoresis in the second dimension (ll) is

96 h ceII_s stopped proliferating (58 107 cells/dish) and performed perpendicularly to the first one under alkaline conditions, thus
incorporation fell to one tenth of that observed after 48 h. Exactlgeparating newly synthesized (‘nascent)) strands from parental strands. The
the same number (6 107) of exponentially growing (48 h) or direction of progression of DNA replication forks is deduced from the pattern
confluent (96 h) cells from parallel dishes were recovered anflf nascent strands detected by probes a and b: in the depicted example DNA
treated according to the simplified procedure. replication forks progress from left to right in the fragment (large grey arrow),

. S . ince all nascent strands are detected with probe a, whereas probe b only allows

The prerequisite for quantification by PCR was construction oéetection of the longest ones (adapted from 12).
competitors, which required the synthesis of four primers for each
locus to be tested: two were chosen in order to amplify DNA .
fragments of 200-300 bp [ef, external forward; er, externa® (16891-17806)]. Once constructed, the competitors were then
reverse); the two others (if, internal forward; ir, internal reversd)recisely quantified according to Pelizemal (16).
consisted of two complementary-tails of 20 nt unrelated to [N atypical competitive PCR experiment quantification of each
genomic sequences linked to specific sequences ori-#rel3 genomic target sequence was performed by co-amplifiying
complementary to the genomic targets (tallGEBCGACGGATC- kr_lown gnd increasing amounts of the corresponphng competitor
CGAATTCGT-3; tail2, B-ACGAATTCGGATCCGTCGAC-3.  With a fixed amount of a nascent strand preparation. To enhance
This allows competitors to differ from the genomic target by afeliability of quantification all sets of external primers allowed
addition of 20 nt on|y_ Sequences_@') of the primers were as ampllflcatlon' 'reaCt!OnS tO. occur under the Same. temperature
follows. Primer sett: ef, CCATTAGAGCCTTTGGTTTCC; er, cycling conditions, i.e. 5 min at 96, 40 cycles of 1 min at 9€,
ACCCCCTTACTCTGAACAGATG: if, taill+GCCTGTCTCC- 1 min at60C, 2 minat 72C, 5 min at 72C, end at 4C. TaqStart
AGAGCGAGT; ir, tail2+TGGCCTTGAACTCACAGAGC. antibody (Clontech) and Taq polymerase (Roche) were used
Primer sef: ef, AACCATAACCTTTGTTGTTGGC; er, TTTG- according to the suppliers procedures. PCR products were run on
GGGGGTAGGTGTGTAA: if, taill+ATAGGAGATGGTCTC- @ 2.2% Metaphor agarose gel (FMC Bioproducts), images of the
TCTTTCCTT: ir, tail2+CTGCTCAAGTTTCCACTCAGG. 9els were captured by the Bioprint hardware system (Vilber
Primer set; ef, TTCGTTGGGCTACTCAGACAT; er, AGGG- Lourmat), the ratio between upper and lower bands was precisely
AACATACCAGTGTGAACA,; if, taill+ TTCCTTTTGTGTTG-  quantified by using NIH Image (W.Rasband, NIH) and results
TCCAAAGAT; ir, tail2+TGTAAGACTGAAAGCGACCTGTT.  Were plotted with Excel (Microsoft).
Primer seb: ef, TAAACCATGGATGCCAAGTG,; er, TCATTC-
CAGCTGCTGTATGTTT; if, taill+ATAATTTACCCCTGGTT- RESULTS
TGCTT; ir, tail2 +TCCTTTGAACTGCTCTGAGG. Primer set . o

. L~ ; 2D NA gel analysis reveals DNA replication initiation
€ ef, TGGGGAQGATATAAGGGTCA, er, ACTGACAGCAT- events in theGNAI3-GNAT2 region
GGACATTCC; if, taill+CCACTGACTCCCACACCTTG; ir,
tail2 +AGCGGGTCATGATGTTGAG. The principle of the 2D NA gel electophoresis technique is

The sequence used to search for primer sets results from linkirepresented in Figure 1. We chose to use this technique because
the sequence for tlE&NAI3-GNAT2intergenic region (this work; it enables determination of the direction of replication fork
sequence data submitted to the EMBL database under accesgoogression and is thus particularly well adapted to analysis of
no. Y08232, sequencing performed as previously described; 3@jge genomic regions. We studied the replication pattern of a 30 kb
with previously published sequences for @¢AI3(37,38) and domain encompassing 6 kb of tHeeBd of theGNAI3gene, the
GNAT2 genes (39). The localitans of the amplification entire GNAT2gene and the intergenic region in asynchronous
products obtained with the different primer sets@@50-2057), cells of line 42. A narrow replication initiation zone was detected
B (6103-6286)y (7270-7600),0 (10506-10763)g (16897—  within the GNAI3-GNAT22intergenic region.
17153). [The positions of probes used for 2D gel analysis are: aThe experimental results sustaining this conclusion are shown
(2578-3196), b (4269-5151), ¢ (5146-6342), d (10764-12992, Figure 2A. WherHindllI-digested DNA was hybridized with

Y
uy

R R SRS —— g Parenta! Strands

Arc of
Nascent Strands




2316 Nucleic Acids Research, 1998, Vol. 26, No. 10

probes b+c, a 6.3 kb long fragment (referred to as H1) wasound probe a (Fig. 2B). Likewise, the absence of nascent
revealed and the large majority of detected nascent strands weteands <3.5 kb with probe b indicates that initiation events do not
4.5-6.3 kb long (Fig. 2A, H1/b+c, left), indicating that mostoccur at a detectable rate in a 3.3 kb long region centered around
replication forks proceed from right to left in this fragment.probe b (Fig. 2B); this region includes the sequence homologous
However, image intensification and contrast enhancement of tke probe c, confirming thelindlll analysis (Fig. 2A, H1/c). The
same image revealed the presence of less abundant 2.6-4.5ddults with bothHindlll and Pst indicate that detectable
long nascent strands (Fig. 2A, H1/b+c, right). These nascermdplication initiation does not occur in a 6.8 kb long region that
strands did not reflect the presence of replication forks enterirencompasses thé-@nd of theGNAI3 gene (Fig. 2B).

the fragment from its left nor emanating from the region The pattern of nascent strands detected for the 8.5 kb long
homologous to probes b+c, since strands <2.6 kb should haivagment B1 also confirmed the results obtained for fragment H1;
been observed in these cases (indeed, the same blot hybridiaesirong arc of 1.6—8.5 kb long nascent strands was observed with
with probe d revealed nascent strands as small as 1.4 kb; see Fig.@abe d (Fig. 2A, B1/d), whereas, at a similar exposure, no
H2/d). One hypothesis that accounts for both visualization afascent strand could be detected with probe c (Fig. 2A, B1/c, left),
2.6-4.5 kb long nascent strands and the absence of strands <2.@kicating that most replication forks proceeded from right to left

is that replication initiation occurs close to the region homologous this fragment. Image intensification and contrast enhancement
to probe c, on its right. Assuming that replication initiation isof the latter blot (Fig. 2A, Bl/c, right) revealed a faint arc of
bidirectional, the existence of 2.6 kb long nascent strandsascent strands 2.4-8.5 kb in length (whereas molecules of 1.6 kb
suggests that initiation events occur 1.3 kb away from probe can be seen with the same blot and probe d). As above (see H1/c),
This distance is slightly overestimated, since nascent strands nd¢led pattern suggests that initiation events o¢duv kb from

to share some homology with probe c in order to be detected. Fmobe ¢, an estimation that is in agreement with the 0.8 kb
example, if the required amount of homology )0 bp, the measurement deduced from théndlll results (Fig. 2B).
initiation events closest to probe ¢ would ocdDi8 kb, rather  Furthermore, hybridization of fragments H2 and B1 with probe
than 1.3 kb, from this probe (in future estimations the homology revealed very short nascent strands. Given the position of this
required for strand detection will also be taken as 500 bpprobe in the fragments, such a result means either that this
Hybridization of Hindlll-digested DNA with probes d and e sequence is passively replicated by forks travelling in both
revealed the adjacent fragment H2. The shortest nascent stradutections or that replication initiates in or very close to the
detected with probe d were 1.4 kb long, a length that can Bequence homologous to d. HybridizationEufoRV-digested
considered as the limit of sensitivity in this experiment (thd©NA with probe d clarified this question (Fig. 2A, EV/d); no
shortest detectable nascent strands were, depending on the biascent strands <5 kb were detected. This result indicates that
1-1.6 kb in length). The observation of strands of this sizaitiation events do not occur in the region homologous to probe
suggested either that some replication forks enter fragment dzhor in the 2 kb long regions to its right and left, thus inBad kb

from its left or that initiation events occur at or very near thdong region centered around probe d (Fig. 2B). Moreover,
sequence homologous to probe d. This ambiguity is resolvégbridization ofBanHI-digested DNA with probe e (Fig. 2A,
below. In any case, these forks, as well as forks entering tiB2/e) revealed the existence of replication forks entering
fragment from its right, should generate nascent strands of at lefsigment B2 from its right end and moving from right to left. The

7 kb upon hybridization with probe e; Figure 2A, H2/e shows thagxistence of forks travelling from right to left was also confirmed
this is indeed the case. Considering that replication initiation ihe hybridization oEcdRV-digested DNA with probe e (Fig. 2A,
bidirectional and that 500 bp of homology are required betwedfV/e), which allowed detection of 2.8-14.5 kb long nascent
the probe and nascent strands, the absence of detectable nastesmids. The absence of strands <2.8 kb also confirmed that no
strands <7 kb suggested that initiation events occur neither in tdetectable replication initiation events occur near the sequence
sequence homologous to probe e nor in the 3 kb long regions leomologous to probe e, as first suggestedHinglll-digested

the right and on the left of this sequence. Thus, replication initiatidDNA hybridized with this probe (Fig. 2B).

events do not occur at a detectable rate in a regidghldf centered Thus, the entire set of results obtained with probes d and e show
around probe e (Fig. 2B). In this and in the experiments describ#tht no detectable replication initiation events occur in a region of
below, the background of the blots represérits—20% of the [112 kb encompassing the right-most part ofGiAI-GNAT2
faintest detectable signal. Thus, it can be estimated that iiftergenic region and the enti@NAT2gene (Fig. 2B). This
replication initiation events occur in this 7 kb long region, they areegion appears to be passively replicated by forks moving in
at least five times less frequent than in the region for whicbpposite directions; several hypotheses may account for this

initiation events were successfully detected. situation (see Discussion below). Initiation events were detected
These results, obtained witHindlll-digested DNA, were with probe ¢ independently and from the results presented here it
confirmed and extended with DNA digested witsi, BanH| is possible to roughly estimate the maximal size of the identified

andEcadRV. In the case of the 8.2 kb long fragment P nascetitiation zone. As discussed before, analysesliafilll- and
strands 5-8.2 kb in length were detected with probe a (Fig. 2BanHI-digested DNA place the left-most boundary of the
P/a), whereas 3.5-8.2 kb long nascent strands were detected wittiation zone 0.7-0.8 kb from probe c. Analysi€ofRV-digested
probe b (Fig. 2A, P/b), indicating that replication forks proceedNA with probe d does not permit mapping of the right-most
from right to left in this fragment. As above, the absence dfmit of the initiation zone, but indicates that initiation events are
nascent strands <5 kb upon hybridization with probe a indicatett detected in the 2 kb long region contiguous with probe d.
that detectable initiation events occur neither in the sequenteaken together, these results show that the initiation zone spans
homologous to probe a nor in the 2 kb long regions on the right most 1.7 kb. As mentioned above, since the background of the
and on the left of this sequence. Thus replication initiation doetfferent experiments is at most 20% of the faintest detectable
not occur at a detectable level in a 4.7 kb long region centersinal, initiation events in the initiation zone defined here occur
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Figure 2. Analysis of the replication pattern in tB&AI3-GNAT2region by 2D NA gel electrophoresié.)(Map of theGNAI3-GNAT2region and 2D NA analysis.
On the map th&NAT2gene and part of tteNAI3gene are shown (arrows indicate directions of transcription). VerticaHzaR), sites; numbers, size BtdRl
restriction fragments; rectangles, probes a—e. Below the map are the fragments analyzed (H1, H2, P, B1, B2 and EViridengaessiction sites are: Hindlll;

P, Pst; B, BanHI; EV, EcaRV. The sizes of restriction fragments and positions of the probes were verified with the nucleotide sequence, whicle ifoatiab
entire region. The names of the fragments are indicated above the photographs and probes are reported below. Arronpeadisepogitirindicate the sizes of
the studied fragments and arrowheads pointing to the left focus on the sizes of nascent strands. Photographs corresdpsetingf feemments H1 and H2 represent
different hybridizations of the same blot; a single blot was used for P, as well as Bj) Bacdlization of initiation events in tt@NAI3-GNAT2region. Map of
the region as above; below the map are summarized the hybridization experiments that allowed mapping of the initiatamk bmxesBtegions in which initiation
events were not detected; RIE, detected replication initiation ev@€hSogclusions of the analysis. Thin arrows, direction of progression of replication forks; grey
rectangle, localization of the left-most limit of the replication initiation region (the gradient represents the uncestétinty frem the required shared homology
between probe and nascent strands; see text). The right-most limit of this region lies somewhere within the box congsitrimgraagk.

at least five times more frequently than in the surroundingnter fragments H1, B1 or P from their left end, which indicates
regions. FinallyHindIll and BanHI analyses with probe ¢ and that theGNAI3gene, unlike th6&NAT2gene, is replicated only
Pst analysis with probes a and b show that no replication forks
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by forks moving from right to left. These conclusions aregprobe e), indicating that replication initiation events are at least

summarized in Figure 2C. five times less frequent at these loci than at the region containing

primer sety. In striking contrast, the PCR technique disclosed

only a 2-fold difference between locpand any of the three loci

a, & and e, suggesting that this low bias could result from
chnical artifacts. Since BrdUrd-labeled DNA is prone to
reakage following exposure to light or alkali, a fraction of the

Analysis of theGNAI3-GNAT2 region by competitive PCR

Since repetitive elements increase the background noi
dramatically, the use of the 2D NA technique is limited by th fiod lecul Id d DNA f
availability of probes that are devoid of such elements and that fgantified molecules could correspond to ragments

| in | h itivity. W era_lted during extraction. To V(_arify t_his we used the simplified
at least 500 bp in length, to ensure adequate sensitivity. We W&%;actlon procedure of Kumat al, in which the steps of BrdUrd

unable to use such a probe closer to the initiation zone than pro§ ) . .
¢ and d, because of the repetitive sequences present at or VBRFINg @nd anti-BrdUrd chromatography are omitg#).

P P . : he results of this second series of experiments, performed
close to the initiation zone, a situation similar to the one described. e
using unlabeled DNA molecules 0.6-1.6 kb in length, are

ngorted in Figure 4B. As expected, molecules quantified at locus

GNAI3-GNAT2 region using the competitive PCR techniqueywerg now at;]:_)ut fom:jr times more ﬁbundagt tha][\ at T’m?r
(3,33), which relies on quéfication of purified short nascent s,ban ad5|g:1| |can:[rh_ecdrease in 1 el number o mode?u ebs was
strands. Quantification of these strands at different loci of served at OCLB__ Is decrease at (.)CBSS accounted for by
chosen region is performed with a set of two 20 bp long primeF e size of quantified molecules, since the quantification of

located some 200-300 bp apart; this technique can be used eb arations containing longer unlabeled molecules disclosed
for sequences enriched in repetftive elements. higher amounts Qf.s.trands at lofuglata not shown). In order to _
: ggpwonstrate definitively that the peak of molecules detected with

primer sety corresponds to replication initiation events an

(y) maps within the initiation zone defined by 2D NA results, wexperiment designed to rigorously compare the number of

(B and®) within the intergenic region but outside the initiationM°lecules present at each of the five loci in exponentially
zone and the last two within H@NAI3 () or theGNAT2(¢) growing cells and in confluent cells was performed (see Materials

: ; ; ; : d Methods). Figure 4C shows the results of quantification of
genes. In afirst series of experiments, exponentially growing ce ;
of line 42 were labeled with a short pulse of BrdUrd and 1-2 kb lorllaPeled molecules 0.6-1.6 kb in length recovered froni@
BrdUrd-labeled molecules were recovered (see Materials afigPonentially growing cells or from exactly the same number of
Methods). Quatification was achieved by primer competition confluent arrested cells. With exponentially growing cells the results

between the genomic target and a competitor molecule differifEre Similar to those reported in Figure 4B; a 5-fold enrichment of
from the genomic sequence only by a 20 bp inse(85. In olecules was detected with primer getvhen compared to

order to determine the amount of BrdUrd-labeled molecules gtolecules quantified with primer sets ande and arL2.5-fold
each of the tested loci, increasing amounts of the approprigtarichment when compared with molecules ampliiable with primer
competitor molecules were mixed with a fixed unknown amou etB. In striking contrast, a statistically equivalent number of

of a preparation of 1-2 kb long BrdUrd-labeled molecules an olecules was found at all five loci in confluent cells, indicating
%at the peak of molecules observed at lgcusexponentially

submitted to PCR. A typical example of this analysis is shown i X AT
Figure 3, with peaks of short BrdUrd-labeled molecules bein rowing cells corresponds to replication initiation. Furthermore,

observed at loci amplified with primer sg@nd. The results of 1€ number of molecules found at all loci in confluent cells, which
five experiments carried out with independent DNA preparatiorig“OSt likely result fromin vivo DNA repair and/or DNA

five different loci in theGNAI3-GNAT2region (Fig. 3, top); one

are presented in Figure 4A. These results show the following@gmentation during extraction events, is not significantly

(i) A peak of molecules is detected with primer\gethe only ~ difterent from the number of molecules found at tocb ande
primer set that maps within the initiation region previousljn exponentially growing cells. This suggests that if replication
[

defined by 2D NA. (ii) Primer seB, which maps outside the initiation events occur at these loci in growing cglls, they are very
initiation region defined by the 2D experiments, allows detection dffrequent. Thus, the results of PCR quantification and of 2D NA
nearly as many molecules as primeryserimer sef lies (700 bp are in re_rr_lgrk_able agreement and both support the existence of a
from the left-most limit of the initiation zone defined by 2D NA, N&TOW initiation zone at or close to loous

thus the nascent strands emanating from this initiation region

should be:11..4 kb long when they reach the sequence amplifiablg|scussion

with primer sef. Since 1-2 kb long nascent strands were selected

for quantification, PCR results are consistent with the hypothesigapping of oriGNAI3 by 2D NA

that molecules quantified with primer sBt correspond to

initiation events occurring within the zone delimited by 2D NA.Using exponentially growing cells of line 42 we have analyzed
In order to test this hypothesis we also performed experimeritse replication pattern of tH@NAI3-GNAT2region using two
with 0.6-1.6 kb long molecules (see below); quantification oéxperimental approaches. We first used the 2D NA gel electro-
smaller molecules was indeed expected to significantly lower thghoresis technique, which permits determination of the direction
guantity of molecules amplifiable with primer get(iii) Primer  of fork progression and is well adapted for screening of large
setsa, & ande disclose comparable amounts of molecules, abol@NA regions. Results indicate the existence of an initiation
half as many molecules as those found at lgci$ie 2D NA  region that spans at most 1.7 kb within the 5.2 kb long
analysis did not detect any initiation events in the region&NAI3-GNAT2intergenic region (Fig. 2C).

containing primer sets (Fig. 2A, fragment P, probe &)(Fig. 2A, Initiation events were detected neither in the unexpressed
fragment EV, probe d) angl (Fig. 2A, fragments H2 and EV, GNAT2gene nor in the analyzed 6 kb of theBd of theGNAI3
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Figure 3. Example of quantification of hascent molecules inGINAI3-GNAT2region by competitive PCR. (Top) Map of the region (as in Fig. 2). Black circles,
location of the five primer sets used in this study. (Bottom) Results of a typical quantification experiment performedpdtatiop of 1-2 kb long BrdUrd-labeled
molecules. For each primer set mixtures of a fixed amount of BrdUrd-labeled molecules and of increasing quantities ofofnthle@gpsopriate competitor were
co-amplified. After electrophoresis the ratio between the upper (competitor) and lower (BrdUrd-labeled DNA) bands wagaahstittteanumber of competitor
molecules and the best fit line was drawn. The number of molecules in the BrdUrd sample was then deduced from the nupeliesrahotecules corresponding

to 1:1 ratios with the BrdUrd-labeled DNA preparation. In this experiment a peak of molecules was observedradffoci

gene (Fig. 2B), but the replication patterns in these two genégen observed; this was shown to result from alternative use of
were found to be very different; in ti@&NAI3 gene replication multiple potential replication start sites scattered across the broad
forks travel in a single direction, while replication forks progresgone. TheDHFR and rDNA loci were studied either with cells

in both directions within th&NAT2gene. Two hypotheses may containing hundreds of copies of the locus of interest or with
account for the latter situation. The first considers thabta&T2  unamplified but synchronized cells, allowing detection of all
gene is passively replicated and the existence of forks progressinigjation events. In the study we present here, unsynchronized cells
in opposite directions results from the alternative use (in differemtith only 30 copies of the amplified region were used and we may
cells or in different amplified units of the same cell) of twohave revealed only the region firing most frequently. According to
replication origins flanking this gene; one would be the initiatiorthis hypothesis less frequent initiation events would have escaped
region defined here on the left and the other one on the right cowldtection, but the replication forks they generate would be detectable
be the same region in an adjacent amplified unit or anothes arcs of replication forks moving in both directions. The 1.7 kb
unidentified origin located within the same unit. The seconthitiation region identified here would correspond to a preferred
hypothesis may be inferred from the results reported for thegion of replication initiation within a broad zone where initiation
DHFRIocus in Chinese hamster c€ll8,27) and the rDNA locus events occur at least five times less frequently, as indicated by the
in human cells (14). In both cases broad zones picatéion  signal-to-noise ratios in our experiments.

initiation in which replication forks move in both directions have
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a B Y 5 . Mapping of oriGNAI3 by competitive PCR

P e The second approach we used to study replication initiation relies
01— f— on PCR quantification of short newly synthesized strands
recovered from exponentially growing cells. DNA preparations

A were obtained either after BrdUrd pulse labeling, size separation
100+ M through a sucrose gradient and anti-BrdUrd affinity chromatography
3 I according to Giaccat al (3) or by size sepaian alone,
- 80f according to the simplified procedure of Kureaal (36). Both
Ei gok . extraction techniques allowed detection of a peak of molecules
E ' with primer sety, the only one that maps within the preferential
Ea 401 1 initiation zone defined by 2D NA. Moreover, the signal-to-noise
22 ool ratio improved strikingly when we used the simplified technique,
S probably because the studied region is highly AT¢{d€h) and prone
0 : to breakage when labeled with BrdUrd. Comparison of the results
“ pY B s obtained with exponentially growing or confluent cells shows that
B the peak of short molecules is specific to replicating cells. This
confirmed both the existence of the initiation region and its location.
100 - Furthermore, the PCR results reported here may help to refine
mapping of the initiation zone. The first PCR-based replicon
8O- mapping technique, developed by Vassilev and Johnson, relied on

T the use of nascent strands of increasing length for PCR ampilification
M with primer sets distributed along a region of interest. The rationale
40+ of this technique is that if initiation events occur in the region, then
[ lengthening of nascent strands will progressively include the loci
‘ amplifiable with the different primer sets. Thus the locus closest to
Ll the initiation zone is amplifiable with the shortest nascent
o pyY 8 € molecules(9,41). We angized theGNAI3-GNAT2region with
preparations of nascent molecules that were either 1-2 kb or

% enrichment in
0.6 - 1.6 kb unlabelled DNA
[45)
=]
T

C 0.6-1.6 kb in length. While similar amounts of molecules were
100, - found with primer set andy in preparations of 1-2 kb long DNA
< strands (Figs 3 and 4A), the number of strands amplifiable with
‘:E 80 primer setp was significantly lowered upon quantification of
£2 601- smaller molecules (Fig. 4B and C). This indicates that kpties
iﬁ within or close to the initiation region, whereas Io8us outside
85 40f this region. According to 2D NA results, which mapped the
f‘;f_ . I . I initiation zone some 700 bp from primer Bgsee Materials and
Tno20r m H ! Methods for the exact positions of primer sets and probes), and
¢ ol — J{ @ assuming a bidirectional propagation of replication forks, nascent
a I

¢ molecules emanating from the initiation region would be amplifiable
with primer sef only when their size exceeds 1.4 kb. Such nascent
Figure 4. Summary of the PCR quantification analys@g.Quantification of m0|egUIe§ are eXpeZCtket;j .tol be rrqore I’a{ bunr? ant. |nOpGrepa6rakt;)o?s of
1-2 kb long BrdUrd-labeled molecules. Results are the average of quantifit:atioﬁtran s that are 1- In e_ngt ’ rather than in 0.6-1. \ ong
experiments from five independent BrdUrd (BU) DNA preparations, plotted Strands. Thus, PCR results with primefsagree remarkably with
against the map of the region (top). In order to eliminate fluctuations resultingmapping of the initiation region by 2D NA. Moreover, detection of
from variable efficiencies in the recovery of BrdUrd-labeled molecules the gimilar amounts of 1-2 kb Iong molecules with primer Baed
results are expressed as a percentage of the number of molecules determi P -
with primer sey. Bars indicate confidence limits at the 0.95 significance Ievel.V%UQQeSts th_at most intiation events occur <1 kb from primer set
(B) Quantification of 0.6-1.6 kb long unlabeled molecules. Represented ad3- IN (}O_f‘!Cll_JSIOﬂ, when PCR and 2D NA data are taken togethef
above, the results are the average of six quantification experiments from thremost initiation events appear to occur in a very narrow region of

independent DNA preparatiorS)(Comparison of exponentially growing and (300 bp, located 700 bp to the right of primerfset
confluent cells. Unlabeled molecules, 0.6-1.6 kb in length, were recovered

from 6x 107 exponentially growing (light grey histograms) or confluent (dark . . . L
grey histograms) cells. Each DNA preparation was quantified at least thredComparison with other mammalian initiation zones
times. Results are expressed as a percentage of the number of molecules fomnalyzed by 2D gels
with primer sely in exponentially growing cells.
A remarkable conclusion of this study is that a narrow zone of
active replication initiation, referred to as@NAI3 has been
identified both by a 2D gel electrophoresis and a competitive PCR
In conclusion, the 2D NA results reported here identified eithelechnique. This differs from the data obtained for the Chinese
a narrow region of replication initiation or at least a narrow zonkamsteDHFR and human rDNA loci, in which broad zones of
of preferential intiation within a broad zone. In any case, this 2ihitiation, at least 30 kb in length, were disclosed by 2D gels
analysis argues in favor of the existence of preferred sites (f3,14), whereas narrow giens were observed with other
replication initiation in mammalian cells. replicon mapping techniqués,6,8,16—19).



In the case of th®HFR locus, the conflicting results of the 3
different approaches are difficult to reconcile. Two sites of
preferential replication initiation, termed @riand ory, were
identified by several techniques in thelFR-2BE2121lintergenic
region. Repeated analyses of this locus by 2D gel electrophoresis
showed that initiation events occur at multiple sites in the 55 kb Ion@
intergenic region and in tI#BE2121gene (15)Although a 30 kb
long central region containing both®end ory was reported to be g
preferred (22), off itself did not appear as a preferential site of
replication initiation when analyzed by 2D neutral-neutral (NN) 9
(22) or by a 3D gel technique thatebines 2D NN and 2D NA 10
procedures (21). In this regard @NAI3 and or3 appear to be
different. Whether or not this reflects differences in the structure gf
regulation of these origins remains to be determined. 12

On the contrary, the differences betwee@biiI3and the origin 13
at the human rDNA locus may be less pronounced than may appgar
at first. Indeed, 2D NN gel analysis of the human rDNA locus hag
suggested that replication initiation occurs preferentially in a limited
part of the 31 kb long initiation zone. While precise mapping of this6
preferential region was not attempted, Litteal observed that the
strongest bubble arc signals were located irBakb long region of
the broad initiation zon€l4). Interestinglyalternative techniques 1g
later mapped a 1.5 kb long (17) or a 4 kb long (1i3tion region
within the preferential region identified by 2D gels (14). Thus'9
oriGNAI3and the origin at the rDNA locus appear to share simil
properties, if one considers either that infrequent initiation eve%
were below the threshold of detection in our 2D NA study or that
the degree of preferential initiation is higher at the initation regio?
described here. 23

4
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Conclusion 24

In this work a narrow zone of preferential replication initiation25
was identified and mapped by 2D NA gel electrophoresis near tRé
3-end of the Chinese hamstBNAI3 gene. The existence and .,
location of this initiation region, termed GNAI3 was confirmed g
by competitive PCR. Our results support the notion that preferred
sites of replication initiation do exist in mammalian genomes an¢?
that they may be identified by 2D gels in some cases. Furthermog,g,
since 2D gels and competitive PCR here disclosed a narrow
initiation region, oiGNAI3 appears as a new attractive model1
system to identify the distribution of sequences involved in

mammalian DNA replication initiation. 32
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